Melanocortins are peptides, cleaved from the pro-opiomelanocortin (POMC) precursor, that act in the brain to reduce food intake and are potential mediators of leptin action. In the forebrain, melanocortins are derived from POMC-containing neurons of the hypothalamic arcuate nucleus. To test the hypothesis that these POMC neurons are regulated by leptin, we used in situ hybridization to determine whether reduced leptin signaling (as occurs in fasting), genetic leptin deficiency (in obese ob/ob mice), or genetic leptin resistance (in obese db/db mice) lower expression of POMC mRNA. We further hypothesized that leptin administration would raise hypothalamic POMC mRNA levels in leptin-deficient animals, but not in mice with defective leptin receptors. In wild-type mice (n = 12), fasting for 48 h lowered POMC mRNA levels in the rostral arcuate nucleus by 53%, relative to values in fed controls (n = 8; P < 0.001). Similarly, arcuate nucleus POMC mRNA levels were reduced by 46 and 70% in genetically obese ob/ob (ji = 6) and db/db mice (n = 6), respectively, as compared with wild-type mice (n = 5) (P < 0.01 for both comparisons). Five daily intraperitoneal injections of recombinant murine leptin (150 ug) raised levels of POMC mRNA in the rostral arcuate nucleus of ob/ob mice (#i = 8) by 73% over saline-treated ob/ob control values (re = 8; P < 0.01), but was without effect in db/db mice (re = 6). In normal rats, two injections of a low dose of leptin (3.5 ug) into the third cerebral ventricle (re = 15) during a 40-h period of fasting also increased POMC mRNA levels in the rostral arcuate nucleus to values 39% greater than those in vehicle-treated controls (re = 14; P = 0.02). We conclude that reduced central nervous system leptin signaling owing to fasting or to genetic defects in leptin or its receptor lower POMC mRNA levels in the rostral arcuate nucleus. The finding that leptin reverses this effect in ob/ob, but not db/db, mice suggests that leptin stimulates arcuate nucleus POMC gene expression via a pathway involving leptin receptors. These findings support the hypothesis that leptin sig- T he melanocortin system in the mammalian forebrain comprises peptides, such as a-melanocyte-stimulating hormone (a-MSH), that are cleaved from the POMC precursor polypeptide synthesized by neurons of the hypothalamic arcuate nucleus (1). After their release from axon terminals, these peptides bind to and activate neuronal melanocortin receptors (2). The recent finding that agonists of the melanocortin 4-receptor (MC4-R) subtype cause anorexia and weight loss after intracerebroventricular administration (3) focused attention on the possibility that the melanocortin system plays a major role in energy homeostasis. The observation that severe obesity results from targeted deletion ("knockout") of the MC4-R provides compelling evidence that melanocortin signaling is necessary for normal control of adipose stores (4).
naling in the brain involves activation of the hypothalamic melanocortin system. Diabetes 46:2119-2123, 1997 T he melanocortin system in the mammalian forebrain comprises peptides, such as a-melanocyte-stimulating hormone (a-MSH), that are cleaved from the POMC precursor polypeptide synthesized by neurons of the hypothalamic arcuate nucleus (1) . After their release from axon terminals, these peptides bind to and activate neuronal melanocortin receptors (2) . The recent finding that agonists of the melanocortin 4-receptor (MC4-R) subtype cause anorexia and weight loss after intracerebroventricular administration (3) focused attention on the possibility that the melanocortin system plays a major role in energy homeostasis. The observation that severe obesity results from targeted deletion ("knockout") of the MC4-R provides compelling evidence that melanocortin signaling is necessary for normal control of adipose stores (4) .
The adipocyte hormone, leptin, is critically involved in body weight regulation. like agonists of the MC4-R, leptin also causes sustained anorexia and weight loss after intracerebroventricular administration (5, 14) . Since POMC neurons in the arcuate nucleus express leptin receptors (6), we hypothesized that leptin action in the brain involves stimulation of the melanocortin system. Consistent with this hypothesis, it has been reported that the ability of intracerebroventricular leptin to reduce food intake and body weight and to induce c-fos expression in the hypothalamic paraventricular nucleus of rats is blocked by intracerebroventricular pretreatment with the MC4-R antagonist, SHU9119 (7) . These actions of leptin in the brain therefore appear to require signaling at MC4-Rs.
On the basis of these observations, we hypothesized that conditions associated with either reduced leptin levels (e.g., during fasting or in leptin-deficient ob/ob mice) or defective leptin receptors (e.g., db/db mice) should lower POMC gene expression in neurons of the arcuate nucleus, and that this effect should be reversed by leptin administration to animals that are able to respond to the leptin signal. On the basis of the finding that fasting lowers POMC mRNA levels in the rostral portion of the arcuate nucleus of rats (8), we used in situ hybridization (ISH) to focus our studies on this specific brain area.
RESEARCH DESIGN AND METHODS
Study animals and procedures. All animals were maintained on a 12-h day:night schedule with ad libitum access to standard laboratory diet and water unless otherwise specified. All procedures were in accordance with institutional guidelines for animal care of the University of Washington.
Experiment 1: Effect of fasting and mutations ofleptin or its receptor.
Wild-type male mice weighing 27.2 ± 1.0 g were either fed ad libitum (n = 8) or had food removed for 48 h before being killed (n = 12). After euthanasia by inhalation of CO 2 , mice were decapitated and brains rapidly removed, frozen in a bed of powdered dry ice, and stored at -70°C. In a separate study of mice with continuous ad libitum access to standard laboratory diet, male C57B1/6J ob/ob (n = 6), C57B1/Ks db/db mice (n = 6), and wild-type control mice (n = 5) were killed and brains were collected as above.
Experiment 2: Effect of systemic leptin in leptin-deficient and leptin-resistant mice. Male ob/ob and db/db mice were treated for 5 days with daily intraperitoneal injections of either saline or recombinant murine leptin (150 ug/injection). In 06/06 mice, pair-feeding was performed in a separate group of saline-treated animals by assigning each pair-fed ob/ob mouse to a partner in the leptin treatment group. The amount of standard diet provided to each pair-fed animal on each treatment day was equal to the measured amount of standard diet consumed by its leptin-treated partner during the previous 24-h period. Mice were anesthetized by ether inhalation and killed as described for experiment 1. Measures of food intake, body weight, and hypothalamic neuropeptide Y (NPY) and corticotropinreleasing hormone (CRH) mRNA levels from this experiment were reported previously (9). Experiment 3: Effect ofintracerebroventricular leptin in food-deprived rats. Male Long-Evans rats (350-450 g) obtained from the breeding colony maintained by the Department of Psychology at the University of Washington were housed individually in wire-mesh hanging cages in a temperature-controlled vivarium on a 12-h light:dark cycle. Rats were anesthetized with Equithesin (3.4 ml/kg) and a cannula inserted stereotaxically into the third cerebral ventricle as previously described (5, 10) . Recombinant human leptin (Hoffmann-LaRoche, Nutley, NJ), dissolved in artificial cerebrospinal fluid (CSF) (1.0 ug/ul) or its vehicle (artificial CSF with a protein content matched to that in the leptin preparation), was injected intracerebroventricularly in a volume of 3.5 ul over 1 min in lightly restrained, conscious rats at both the onset and 16 h before the conclusion of a 40-h fast. After decapitation, brains were handled as described for experiment 1. Body weight and hypothalamic NPY and CRH mRNA levels from this experiment were reported previously (10) . In situ hybridization. Brains removed immediately after decapitation were frozen on dry ice and sectioned at 14 um with a cryostat. Slides for ISH to POMC mRNA were selected from the region of the arcuate nucleus rostral to the ventromedial hypothalamic nucleus by one of the authors blinded to treatment group to ensure anatomic equivalence of hypothalamic sections among animals. ISH was performed using ^P-labeled riboprobe, complementary to both mouse and rat POMC mRNA (a generous gift of Dr. Robert Steiner), and mRNA hybridization quantitated by computer densitometry of ISH autoradiograms as described previously (11, 12) . The average total hybridization area (pixels) and pixel density (calibrated to microcuries per gram per pixel) were recorded from 6 to 8 sections for each brain, and background density was subtracted, producing a single value for each brain area on each section. These data are presented as the product of hybridization area x density. Statistical analysis. Comparisons between group mean values of POMC mRNA were performed using either an unpaired Student's t test (for two-group comparisons) or one-way analysis of variance (ANOVA) and Fisher's test for multiple comparisons (for comparisons of three groups). The null hypotheses of no difference between groups were rejected atP < 0.05.
RESULTS

Experiment 1.
In wild-type male mice, a period of 48 h of fasting (n = 8) decreased body weight by 27% (from 27.2 ± 1.0 to 19.5 ± 0.5 g) and reduced POMC mRNA hybridization in the rostral arcuate nucleus by 53%, as compared with ad libitum fed controls (n = 12; P < 0.01) (Fig. L4 ). This finding was reproduced in a second group of normal mice, in which fasting for 48 h (n = 4) reduced POMC mRNA in the rostral arcuate nucleus by 41 ± 8%, relative to fed controls (n = 6; P < 0.05), but did not alter POMC mRNA levels in the midregion of the arcuate nucleus (108 ± 13 vs. 100 ± 12% for fasted vs. fed; NS). Therefore, we limited subsequent analysis of POMC mRNA levels to the rostral arcuate nucleus. In this brain area, POMC mRNA levels were also reduced by 46 and 70% in genetically obese ob/ob and db/db mice, respectively, relative to wild-type controls (P < 0.01 for both comparisons; Fig. IB) . In mice, therefore, fasting, genetic leptin deficiency and genetic leptin resistance were each associated with a marked decrease of POMC mRNA in the rostral arcuate nucleus. Experiment 2. Five daily intraperitoneal injections ofleptin lowered body weight by 4.1% (P < 0.05) (9) and increased POMC mRNA hybridization in the rostral arcuate nucleus of ob/ob mice by 73% (P < 0.05), as compared with saline-treated ob/ob mice fed ad libitum (Fig. 2) . Whereas pair-feeding of saline-treated ob/ob mice to the intake of those mice receiving leptin produced a comparable degree of weight loss (-3.4%; NS vs. leptin-treated ob/ob mice) (9), this intervention did not significantly affect POMC mRNA levels in this brain area. Leptin administration to db/db mice also was without effect on POMC mRNA levels in the rostral arcuate nucleus (Fig-2) . Experiment 3. Two injections of leptin (3.5 ug) into the third cerebral ventricle of rats during a 40-h period of food deprivation resulted in a significant increase of 39% in POMC mRNA levels in the rostral arcuate nucleus, as compared with intracerebroventricular vehicle-treated controls (Fig.  3) . Thus, leptin administered directly into the brain of fasted, genetically normal rats increased POMC mRNA levels in the same brain area that responded to leptin in ob/ob mice.
DISCUSSION
Recent studies implicate the melanocortin system in the brain as an important pathway for the normal control of energy homeostasis (3, 4) that may mediate at least some central nervous system responses to leptin (7). These observations led us to hypothesize that expression of the POMC gene by arcuate nucleus neurons (the source of POMC in the forebrain) should be stimulated by leptin, and that reduced leptin signaling owing either to genetic or to acquired causes should lower POMC mRNA levels in this brain area. Our results provide direct support for this hypothesis. We found that conditions associated with either relative (e.g., fasting) or absolute leptin deficiency (e.g., obese ob/ob mice) were associated with POMC mRNA levels in the rostral arcuate nucleus that were approximately one-half of control values, as determined by ISH. The hypothesis that this response resulted from reduced leptin signaling in the brain is supported by several additional findings.
First, genetic obesity owing to mutation of the leptin receptor gene in db/db mice was also associated with a marked decrease of POMC mRNA in this brain area. Since these animals cannot respond to leptin (13-15), our findings suggest that reduced leptin receptor signaling lowers POMC gene expression by neurons in the rostral arcuate nucleus in a manner comparable to that seen in genetic leptin deficiency. Direct support for this conclusion was provided by measuring the effect of systemic leptin administration on POMC gene expression in the hypothalamus of ob/ob and db/db mice. As predicted by our hypothesis, leptin treatment for 5 days increased POMC mRNA expression by 73% in the rostral arcuate nucleus of ob/ob mice. However, since leptin had no effect on arcuate nucleus POMC mRNA in db/db mice, it appears that normal leptin receptors are required for this response. In addition, pairfeeding of saline-treated ob/ob mice to the food intake of leptin-treated animals did not increase POMC mRNA expression despite a comparable decrease in body weight (9) . This finding indicates that leptin-induced weight loss is not responsible for its effect to increase POMC gene expression in the hypothalamus of ob/ob mice. To investigate whether the effect of leptin on POMC gene expression occurs directly within the brain and whether it can be elicited in genetically normal animals, we measured POMC mRNA in the rostral arcuate nucleus of fasted rats receiving either a low dose of leptin (two doses of 3.5 ug during a 40-h fast) or its vehicle iryected directly into the third cerebral ventricle. Our finding that intracerebroventricular leptin increased POMC mRNA levels in this brain area suggests that the previous report of reduced POMC mRNA in the arcuate nucleus of fasted rats (8) was attributable, at least in part, to reduced leptin signaling. Leptin, therefore, appears to be a major regulator of POMC gene expression in the rostral arcuate nucleus of both mice and rats.
Our finding that fasting did not alter POMC mRNA levels in the midregion of the arcuate nucleus of mice is consistent with an earlier study in rats (8) . This observation raises the possibility that a subpopulation of POMC neurons that are sensitive to leptin may be highly localized to the rostral aspect of the arcuate nucleus. This possibility is consistent with functional heterogeneity described for other hypothal- amic neuropeptide systems in this brain area. For example, fasting increases NPY mRNA in the midregion and rostral portions of the arcuate nucleus, but has no detectable effect in its caudal portion (16) . These considerations stress the importance of tools that permit detection of highly localized changes in hypothalamic gene expression, such as ISH, and their application to the relevant anatomical region. Regional variability in leptin responsiveness of POMC neurons may explain the normal POMC mRNA level recently reported in the midregion of the arcuate nucleus of ob/ob mice (17) .
While our results do not establish hypothalamic POMC neurons as downstream mediators of leptin action in the control of food intake and energy balance, they strengthen a growing database in support of this concept. Leptin receptor mRNA is concentrated in the arcuate nucleus (10, 18) and was recently found to be highly colocalized with POMC mRNA in neurons in this brain area (6) , suggesting that POMC neurons are a target of leptin action in the brain. In addition, two mouse models of genetic obesity implicate defective melanocortin signaling in the brain as a cause of weight gain associated with hyperleptinemia, suggesting a leptin-resistant state. The A y agouti mouse is characterized by ubiquitous overexpression of agouti, an endogenous antagonist of melanocortin receptors normally found only in hair follicles. This genetic defect results in a syndrome of hyperphagic obesity, hyperleptinemia, and yellow coat color. The finding that "knockout" of MC4-Rs by targeted disruption also causes obesity and hyperleptinemia (4) suggests that impaired melanocortin signaling, resulting either from antagonism of melanocortin receptors by agouti or from MC4-R deficiency, causes a syndrome in which excessive weight gain occurs despite elevated leptin levels, consistent with leptin resistance (19) .
This concept is also consistent with recent evidence that pharmacological blockade of MC4-Rs impairs leptin's ability to cause anorexia and weight loss (7) . Thus, activation of hypothalamic POMC-containing neurons may be one mech- anism by which leptin lowers body weight, and disruption of this cascade of events may result in excess weight gain. This hypothesis takes on greater significance in light of the report that hyperleptinemia and obesity in humans are linked to a locus on chromosome 2 near the POMC gene (20) . The possibility that a mutation in the POMC gene contributes to leptin resistance and obesity in humans is consistent with our findings. In addition to its anorexic and weight-reducing effects, leptin influences a variety of neuroendocrine and autonomic responses (6, (21) (22) (23) . Further study is therefore required before conclusions can be drawn regarding the role of the hypothalamic melanocortin pathway as a mediator of leptin action in systems outside those regulating energy homeostasis.
Activation of the arcuate nucleus pathway containing NPY (a potent stimulant of food intake) is implicated in the hypothalamic response to genetic or acquired leptin deficiency (9, (24) (25) (26) (27) . However, NPY is unlikely to be a major mediator of leptin-induced anorexia, since NPY-deficient mice exhibit a robust anorexic response to leptin (28) . The response to leptin deficiency may therefore involve a cascade of events that are not simply the reverse of the response to leptin (7, 25, 29) . During leptin deficiency, we hypothesize that activation of NPY neurons plays a major role, and perhaps in concert with inhibition of melanocortin pathways, promotes increased food intake and weight gain. The anorexic response to leptin, however, may be mediated predominantly by activation of hypothalamic circuits that reduce food intake and increase energy expenditure, such as pathways containing POMC and CRH (10, 25, 29) . An improved understanding of the hypothalamic mechanisms mediating leptin signaling in the brain may eventually lead to the development of effective new treatments of human obesity and related disorders.
